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On their way toward their synaptic targets, motor growth cones encounter multiple choice points, where they are
confronted with trajectory choices. We have previously shown that the zebrafish unplugged gene acts as a somite-derived
cue controlling pathway choice of primary motor axons. Here, we demonstrate that this trajectory choice is not exclusively
controlled by a single unplugged-dependent process, but depends on the coordinated function of additional cues. We also
show that secondary motor neurons, most similar to those in birds and mammals, depend on the unplugged gene to navigate
a choice point, suggesting that primary and secondary motor neurons share common mechanisms controlling axonal path
selection. Moreover, we show that the unplugged gene plays an additional role guiding secondary motor axons through a
single segmental nerve. Finally, we report that unplugged larvae display a striking pharyngeal arch defect, consistent with
a dual function of the unplugged gene in axonal guidance and cell motility. © 2001 Elsevier Science
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The ability of growth cones to select their correct path
among a variety of axonal trajectories is critical for the
assembly of neural circuits. The complexity of this task is
evident in the context of peripheral projections of verte-
brate spinal motor neurons. During embryonic develop-
ment, motor axons with many different muscle targets join
to form a single segmental nerve, through which they
emerge from the spinal cord. Before synapsing with their
muscle targets, motor growth cones encounter a series of
choice points, at each of which they are often confronted
with binary trajectory choices. For example, motor axons
destined to innervate the dorsal limb encounter two major
choice points. At the first choice point, they avoid the
dorsal route taken by motor axons innervating axial
muscles, and instead select the ventral route toward the
base of the limb. At this second choice point, they avoid the
ventral path and select their correct path into the dorsal
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560limb (Landmesser, 1978; Tosney and Landmesser, 1985a,b).
Recent studies have shown that differential expression of
LIM domain genes coordinates pathway selection (Kania et
al., 2000; Sharma et al., 1998), but how local cues guide
motor growth cones at peripheral choice points remains
poorly defined.
The zebrafish embryo is an excellent system in which to
study how motor growth cones navigate peripheral choice
points (Beattie, 2000; Eisen, 1998). In wild-type embryos,
somitic muscles in each axial hemisegment are innervated
by a set of 3 primary motor neurons and a set of 30–40
secondary motor neurons (Myers, 1985). At 18 hours post-
fertilization (hpf), the axons of three primary motor neu-
rons, CaP, MiP, and RoP, pioneer a common path from the
spinal cord to the horizontal myoseptum, where they en-
counter a somitic choice point (Eisen et al., 1986). At this
choice point, the three primary motor neurons make cell-
type-specific decisions and continue on divergent pathways
(Fig. 1A; Eisen et al., 1986; Myers et al., 1986; Westerfield et
al., 1986). About 5 h later, axons of the secondary motor
neurons enter the common path pioneered by the primary
motor axons. At the choice point,the three subpopulations
0012-1606/01 $35.00
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561unplugged in Motor Axon Guidance and Jaw Developmentof secondary motor growth cones make path choices iden-
tical to those made earlier by the three primary motor
axons. A CaP-like nerve extends into the ventral myotome,
a RoP-like nerve extends rostrally along the horizontal
myoseptum, and a MiP-like nerve projects into the dorsal
myotome (Fig. 1B; Eisen and Pike, 1991; Myers, 1985). Laser
ablation experiments have shown that, in the absence of
pioneering primary motor axons, secondary motor axons
select their appropriate trajectories (Pike et al., 1992). These
findings raise the possibility that primary and secondary
motor axons share common mechanisms controlling the
choice in axonal trajectories.
We have previously identified the zebrafish unplugged
(unp) gene as a somite-derived cue directing primary motor
growth cones onto their appropriate trajectories (Zhang and
Granato, 2000). In unplugged mutants, CaP growth cones
navigate correctly to the choice point but instead of pro-
jecting into the ventral myotome, they stall at the choice
point. Conversely, RoP growth cones, instead of stalling at
the choice point, often invade the ventral myotome, sug-
gesting that the unplugged gene controls two divergent
growth cone decisions (Zhang and Granato, 2000). Interest-
ingly, even in the strongest unplugged allele, a significant
fraction of CaP and RoP growth cones select their appropri-
ate trajectories (Zhang and Granato, 2000), raising the
possibility that additional yet unknown cues participate in
the CaP/RoP pathway decision. To address this question,
we first mapped the unplugged locus, and then generated
and characterized a g-ray allele, in which the unplugged
locus is deleted entirely. In hemisegments lacking any
unplugged activity, some primary motor axons still retain
their ability and make appropriate trajectory choices, dem-
onstrating that additional, yet unknown cues cooperate in
the CaP/RoP pathway decision. Furthermore, we show that
unplugged gene function is not restricted to primary motor
neurons, but is also required for secondary motor neurons
to elicit differential pathway decisions. Interestingly, un-
plugged also plays a role exclusively for secondary motor
neurons in directing their axons into the periphery through
a single, segmental nerve. Finally, we find that, in mutant
larvae, ventral elements of the second pharyngeal arch fail
to elongate properly, revealing a potential role for the
unplugged gene in cell motility. Together, these results
demonstrate that the unplugged gene plays a dual role in
motor axon pathfinding and pharyngeal arch development.
MATERIALS AND METHODS
Fish maintenance and breeding. Maintenance and breeding of
zebrafish were done as described by Mullins et al. (1994). The
unpte314b allele is maintained in a Tu¨/WIK or a TL genetic back-
ground, and the unptbr307 is kept in a TL background. The p4 allele
was identified in a noncomplementation screen using g-ray-treated
fish (a generous gift from Marnie Halpern, Carnegie Institution of
Washington). The p4 allele is maintained in an AB genetic back-
ground. The carrier fish were propagated for two generations before
we performed any analysis.
© 2001 Elsevier Science. AChromosomal mapping. We established a three-generation
mapping cross between Tu¨bingen (Tu¨) fish carrying the unpte314b
mutation and polymorphic WIK fish. The mapping procedure and
the polymorphic WIK line were described in Rauch et al. (1997) and
Knapik et al. (1996). The PCR conditions to amplify SSLP markers
were identical to those described by Nguyen et al. (1998).
Characterization of p4 mutant embryos. The entire egg lay
from the cross of two heterozygous p4 fish was collected at the end
of gastrulation and was fixed in 100% MeOH. Individual embryos
were placed into 96-well PCR plates. The plates were incubated
briefly at 55°C to remove traces of MeOH. Individual embryos were
incubated over night (O/N) at 55°C in 100 ml lysis buffer (2.3 mM
MgCl2, 15 mM Tris, pH 8.3, 75 mM KCl, 0.0015% gelatine, 0.3%
Tween 20, 0.3% NP40, 100 mg/ml proteinase K). Plates were briefly
spinned and 1.5 ml from each embryo lysate was used in each PCR.
PCR conditions were the same as described above.
Antibody staining. Antibody stainings using znp-1 (1:200, An-
tibody Facility, University of Oregon; Trevarrow et al., 1990) and
anti-acetylated tubulin antibody (1:1000, Sigma; Piperno and
Fuller, 1985) were performed as previously described by Zeller and
Granato (1999). For zn-5 antibody staining (1:500, Antibody Facil-
ity, University of Oregon; Trevarrow et al., 1990) on 45- to 60-hpf
embryos, the protocol was modified as follows: after rehydration in
PBS, the embryos were treated with 0.2% collagenase in PBS for
30–90 minutes (min) at room temperature (RT), and washed several
times with PBS before incubation with primary antibody. For
MF-20 antibody staining (1:200, Developmental Studies Hybrid-
oma Bank, University of Iowa; Bader et al., 1982) on 3 day (d)- to
10d-old larvae, the larvae were treated with 0.1–0.3% collagenase
in PBS for 45 min at RT.
Skeletal preparations. We followed the procedure described by
Schilling et al. (1996) for the cartilage staining on 5- to 10d-larvae.
We made the cartilage and bone preparations of adult fish essen-
tially as described by Kelly and Bryden (1983).
RESULTS
We have previously shown that two identified subtypes
of motor neurons, CaP and RoP neurons, depend on the
unplugged gene for axonal pathway selection at the somitic
choice point (Zhang and Granato, 2000). Analysis of seven
ENU-induced alleles revealed that, even in embryos mutant
for the strong allele unptbr307, ;15% of the CaP growth cones
and ;40% of the RoP growth cones make correct pathway
decisions (Zhang and Granato, 2000). This raises the possi-
bility that the unptbr307 allele is a hypomorphic allele,
producing residual unplugged activity in mutant embryos.
Alternatively, the unptbr307 allele is amorphic, and addi-
tional, yet unknown guidance cues partially compensate for
the absence of unplugged activity. To distinguish between
these two possibilities, we examined motor axon pathfind-
ing in embryos in which the unplugged locus is completely
deleted. We first mapped the unplugged locus to a small
genetic interval and examined if this region was absent in
any of the available g-ray induced fish lines.
The unplugged Locus Maps to LG 10
To map the unplugged locus, we established a three-generation mapping cross between a heterozygous unpte314b
ll rights reserved.
FIG. 1. Axon trajectories of primary and secondary motor neurons in the zebrafish embryos. (A) Schematic representation of axon
trajectories of primary motor neurons at 26 hpf. The three axons share a common path from the spinal cord to the choice point. At the
choice point, CaP axons continue into the ventral myotome, MiP axons sprout a dorsal branch, and RoP axons pause at the choice point.
(B) Illustration of the axonal trajectories of secondary motor neurons at 60 hpf. Secondary motor axons follow the pioneering primary motor
axons to the choice point. There, the three subpopulations of secondary motor axons select divergent trajectories, similar to those made
earlier by the three primary motor axons. A CaP-like ventral nerve extends into the ventral myotome (green), a RoP-like medial nerve
extends rostrally along the horizontal myoseptum (blue), and a MiP-like dorsal nerve projects into the dorsal myotome (red).
FIG. 2. Molecular-genetic mapping of the unplugged locus to LG 10. (A) Schematic drawing showing the three-generation mapping cross.
In the G0 generation, a heterozygous unplugged fish in the Tu¨ background was crossed to a polymorphic WIK fish. F1 heterozygous fish were
crossed to each other, F2 homozygous mutants and their siblings were collected, and their DNA was extracted for chromosomal mapping.
(B) PCR amplification using marker Z3835 and DNA isolated from the G0 Tu¨ fish, the G0 WIK fish, pooled F2 mutants, and pooled F2
siblings. The Tu¨-specific PCR fragment is shorter than the WIK-specific fragment. Amplification with Z3835 in F2 sibling pool DNA results
in a Tu¨-specific and a WIK-specific fragment, while in DNA from pooled mutant only the Tu¨-specific fragment is present (higher mobility),
suggesting linkage between Z3835 and the unplugged mutation. (C) PCR amplification using marker Z3835 and DNA from individual F2
sibling embryos. Embryos in which only a WIK-specific fragment is present (lower mobility) are of 1/1 genotype, while embryos with a
Tu¨-specific and a WIK-specific PCR fragment are heterozygotes (1/2 genotype). (D) PCR amplification using marker Z3835 and DNA from
individual F2 unplugged mutant embryos. In most mutant embryos, only the Tu¨-specific fragment is present. In recombinant embryos, a
Tu¨-specific and a WIK-specific fragment are present (*). In these embryos, the unplugged Tu¨ chromosome recombined with the WIK
chromosome between Z3835 and the unplugged locus. (E) Schematic representation of LG 10 around the unplugged locus. The centromere
is indicated by a black circle.
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morphic WIK fish (Fig. 2A; Knapik et al., 1996; Rauch et al.,
1997). We crossed F1 heterozygous unpte314b fish to each
other and collected F2 wild-type siblings and homozygous
mutants. Using bulked segregant analysis (Giovannoni et
al., 1991; Michelmore et al., 1991), we tested a collection of
FIG. 3. The unplugged locus is absent in p4 mutants. (A) PCR am
and four sibling embryos. In sibling embryos (sibs), all tested marke
10 markers Z9473 and Z3835 are present, while markers Z13685 a
around the unplugged locus. Relevant SSLP markers located betwe
p4/p4 mutant embryos, LG 10 breaks between Z3835 and Z13685
FIG. 4. unplugged mutant embryos display specific motor axon
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migration on the common path and extend on their cell-type spec
unaffected (white arrows). In contrast, presumptive RoP and CaP
point (black arrowhead). Mutant motor axons stalled at the choi
phenotype, white arrowhead), or they extended into the ventral m
phenotype, black arrow).
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564 Zhang et al.marker Z22422 identified two nonoverlapping sets of re-
combinants, suggesting that the unplugged locus resides
between these two markers (Figs. 2C and 2D, and data not
shown). Linkage analysis of ;2000 individual F2 mutant
embryos placed the unplugged locus on LG 10, 1.34 cM
telomeric to Z3835 (54 recombinants in 4034 meioses) and
0.20 cM centromeric to Z22422 (8 recombinants in 4046
meioses; Fig. 2E).
The unplugged Locus Is Absent in p4 Mutants
To identify a deficiency allele in which the unplugged
locus is completely deleted, we first examined an existing
deficiency stock collection (M. Halpern, Carnegie Institu-
tion of Washington; A. Fritz, Emory University; http://
zfin.org/ZFIN). For most stocks in this collection, the
extent of their deficiency has been determined by SSLP
marker analysis (http://www.ciwemb.edu/labs/halpern/
zdp.html). We found that SSLP markers flanking the un-
plugged locus were not uncovered by any characterized
deficiency. Therefore, we performed a noncomplementa-
tion screen to identify a deficiency uncovering the un-
plugged locus. We crossed heterozygous unplugged fish to
g-ray-irradiated fish and screened their offspring at ;26 hpf
for the characteristic unplugged motility phenotype
(Granato et al., 1996). Among ;60 g-ray-irradiated fish, we
identified one that failed to complement the unplugged
phenotype. From this fish, we established the deficiency
line p4. Similar to other g-ray-induced mutations (Fisher et
al., 1997; Fritz et al., 1996), we observed that the p4
mutation segregated in a non-Mendelian manner. Instead of
the 25% expected for normal Mendelian segregation,
crosses between heterozygous unplugged fish and p4 fish
produced 5–13% mutant embryos. Moreover, intercrosses
between heterozygous p4 fish generated offspring with
1–2% mutant embryos (as assayed by PCR analysis, see
below). This non-Mendelian segregation is consistent with
the genetic behavior of chromosomal translocations rather
than the behavior of chromosomal deletions. Regardless of
its nature, the p4 deficiency uncovers the unplugged locus,
providing an allele in which the unplugged gene is absent.
To confirm molecularly that the entire unplugged locus
was deleted in homozygous p4 embryos, we examined these
embryos with SSLP markers located distal and proximal to
the unplugged locus (Figs. 3A and 3B). However, crosses of
heterozygous p4 fish to each other did not produce any
embryos displaying the unplugged motility phenotype. One
possible explanation is that homozygous p4 embryos lack a
large portion of LG 10 and therefore die before 26 hpf, the
time when the unplugged motility phenotype becomes
apparent. Indeed, we noticed that in egg lays derived from
two heterozygous p4 fish, a small population of embryos
(1–2%) failed to complete epiboly and died during early
somitogenesis stages. To confirm that these embryos cor-
respond to homozygous p4 embryos, we harvested entire
egg lays from two heterozygous p4 fish at the end of
gastrulation. We tested individual embryos with marker
© 2001 Elsevier Science. AZ7643 on LG 21, as well as with markers Z13685 and
Z6390, flanking the unplugged locus (Figs. 3A and 3B). In all
tested embryos, LG 21 marker Z7643 was present, whereas
in 1–2% of the embryos, the two markers flanking the
unplugged locus were absent (Fig. 3A, and data not shown).
To determine the extent of the p4 deficiency, we tested an
array of SSLP markers, distributed over the chromosomal
arm containing the unplugged locus, and distributed over
part of the opposite chromosomal arm. PCR analysis of
homozygous p4/p4 embryos revealed that Z9473 (on the
opposite arm of the locus) and Z3835 were present (Fig. 3A),
while all SSLP markers located between Z13685 and Z3260
(a telomeric marker on LG 10) were absent (Figs. 3A and 3B,
and data not shown). Taken together, these data demon-
strate that, in p4/p4 embryos, LG 10 breaks between Z3835
and Z13685, deleting the entire chromosomal arm contain-
ing the unplugged locus (Fig. 3C).
The unptbr307 Allele Behaves Genetically Like an
Amorphic Allele
To determine whether the ENU-induced unplugged al-
leles represent an amorphic allelic, we compared the
strength of two ENU-induced alleles relative to that of the
p4 deficiency allele. Previous analysis of axonal phenotypes
TABLE 1
Quantification of znp-1-Stained Motor Axon Defects in
unplugged Mutants
Genotype Na
Total of
aberrant
axons (%)b
Stall
phenotype
(%)c
Branching
phenotype
(%)d
unp1/1, unpte314b/1 520 2.5 0.8 1.7
unpte314b/te314b 499 60.2 6.0 54.2
unp1/1, unpte314b/1, p4/1 200 3.5 0 3.5
unpte314b/p4 215 82.3 8.8 73.5
unp1/1, unptbr307/1 600 1.1 0.3 0.8
unptbr307/tbr307 555 81.3 7.4 73.9
unp1/1, unptbr307/1, p4/1 200 2.5 0 2.5
unptbr307/p4 220 80.9 19.1 61.8
Note. znp-1 antibody staining was performed on embryos at 27
hpf, revealing the trajectories of primary motor axons. Mutant
embryos were sorted by their locomotion defect and stained
separately from wild-type siblings (Zhang and Granato, 2000).
a n is the total number of hemisegments we scored. In each
embryo, we typically scored the axon morphology from hemiseg-
ment 6 to 15 on both sides.
b Total of aberrant axons is the addition of stall phenotype and
branching phenotype.
c CaP axons stall at the choice point instead of extending into the
ventral myotome.
d Branching occurs at the choice point, whereby one trajectory
extends into the ventral myotome and a second trajectory extends
caudally and/or rostrally at the region of the choice point.revealed that the unpte314b allele is a weak allele, while the
ll rights reserved.
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Granato, 2000). To determine the allelic strength of these
two alleles relative to that of a null (amorphic) allele, we
generated unpte314b/p4 and unptbr307/p4 transheterozygous
embryos and compared their axonal phenotypes, as deter-
mined by znp-1 antibody staining, to those in unpte314b/te314b
and unptbr307/tbr307 homozygous embryos, respectively. If the
percentage of hemisegments affected in transheterozygotes
is significantly higher than that observed in the correspond-
ing ENU homozygotes, the ENU allele represents a hypo-
morphic allele. Alternatively, if the percentage in transhet-
erozygotes is similar to that observed in the corresponding
ENU homozygotes, the ENU allele behaves like an amor-
phic allele (Muller, 1932).
Comparison of the four different unplugged allele combi-
nations revealed striking differences in their allelic
strength. In wild-type embryos, znp-1 labels the three
primary motor axons. At 27 hpf, these axons have com-
pleted their migration along the common path, and have
made their cell-type-specific decisions at the choice point:
CaP extends into the ventral somite, MiP forms a collateral
branch into the dorsal somite, and RoP pauses at the choice
point (Figs. 1A and 4A; Eisen et al., 1986; Myers et al., 1986;
Westerfield et al., 1986). In embryos carrying any of the four
allele combinations (unpte314b/p4, unptbr307/p4, unpte314b/te314b,
unptbr307/tbr307), we observed two classes of motor axon defects
at the choice point (Zhang and Granato, 2000). First, instead
of migrating into the ventral somite, CaP growth cones
stalled at the choice point (stall phenotype; Fig. 4B). Second,
we observed aberrant branching at the choice point (branch-
ing phenotype; Fig. 4B). Labeling of individual unplugged
CaP and RoP neurons has revealed that both growth cones
contribute to this branching phenotype (Zhang and
Granato, 2000). Comparison of unpte314b/te314b and unpte314b/p4
embryos showed that, although the ratio between hemiseg-
ments exhibiting the stall phenotype and hemisegments
exhibiting the branching phenotype was comparable, the
total percentage of affected hemisegments varied (Table 1).
In unpte314b/te314b embryos, analysis of 499 hemisegments
revealed that 60.2% were affected (Table 1), while in
unpte314b/p4 embryos, over 80% were affected (n 5 215;
Table 1). This demonstrates that the unpte314b mutation is a
hypomorphic allele. In contrast, in unptbr307/tbr307 and
unptbr307/p4 embryos, axonal defects occurred with identical
frequencies, indicating that unptbr307 is an amorphic allele
(Table 1). Although the overall incidence of axonal pheno-
types was the same, unptbr307/p4 embryos displayed a higher
incidence of the stall phenotype than unptbr307/tbr307 embryos
(19.1 vs. 7.4%; Table 1). The reason for this difference is
unclear, but might reflect variations in the genetic back-
ground of the strains in which the unptbr307 and p4 alleles
were generated and maintained (see Material and Methods).
In summary, unptbr307 is an amorphic allele, suggesting that
trajectory choice is mediated by somite derived unplugged
activity in cooperation with additional, yet unknown cues.
© 2001 Elsevier Science. ASecondary Motor Axons in unplugged Mutants
Exhibit Multiple Axonal Phenotypes
We previously showed that the unplugged gene encodes
itself or functions to produce a somite-derived cue essential
for CaP and RoP growth cones to navigate their common
choice point (Zhang and Granato, 2000). Located at the
distal end of the common path, the choice point is also
navigated by growth cones of a different class of motor
neurons, the secondary motor neurons. Each spinal he-
misegment contains 30–40 secondary motor neurons,
whose axons enter and complete the common path as one
nerve. At the choice point, the three sub populations of
secondary motor neurons select divergent axonal paths. A
CaP-like nerve extends into the ventral myotome, a RoP-
like nerve extends rostrally along the horizontal myosep-
tum, and a MiP-like nerve projects into the dorsal myotome
(Figs. 1B, 5A, and 5E).
To determine whether unplugged activity plays a similar
role for pathfinding of secondary motor neurons, we used
the zn-5 antibody to examine their axonal trajectories. The
zn-5 antibody recognizes DM-GRASP, a transmembrane
protein expressed selectively on cell bodies and axons of
secondary, but not primary, motor neurons (Fashena and
Westerfield, 1999). In unplugged somitic hemisegments,
secondary motor axons entered and completed their migra-
tion on the common path. However, at the choice point,
two of the three secondary motor neuron populations
displayed multiple pathfinding defects (Figs. 5B–5D). First,
instead of projecting into the ventral myotome, axons of the
ventral nerve stalled at the choice point, where they formed
short, ectopic branches (stall phenotype, Fig. 5B; Table 2).
Second, axons of the ventral nerve extended correctly into
the ventral myotome, but formed aberrant caudal projec-
tions at the choice point (branching phenotype, Fig. 5C;
Table 2). Finally, axons of the medial nerve, instead of
migrating rostrally along the horizontal myoseptum, in-
vaded the ventral myotome (Fig. 5C). While the ventral and
medial nerves display pathfinding defects, pathway selec-
tion of axons contributing to the dorsal nerve appeared
indistinguishable from wild-type embryos (Figs. 5E and 5F).
Thus, two secondary motor populations display trajectory
choice defects reminiscent of those observed for CaP and
RoP primary motor neurons.
In addition to pathway selection mistakes at the choice
point, we observed a novel phenotype restricted to second-
ary motor axons. As in other vertebrate embryos, the
zebrafish spinal cord has a clear external segmentation
evidenced by ventral roots. Each ventral root carries pri-
mary and secondary motor axons into the periphery, such
that each somitic hemisegment is innervated through a
single ventral root (Fig. 5A). We found that, in unplugged
mutant embryos, 6% of the somitic hemisegments were
innervated through two distinct ventral roots (double-exit
phenotype, Fig. 5D; Table 2). Moreover, these aberrant
segmental roots extended from the cord to the somitic
choice point as two separate nerves. Although the com-
ll rights reserved.
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axonal defects are significant since in wild-type embryos
secondary motor axons displayed any of these behaviors at
much lower frequencies (1%; Table 2). In summary, analy-
FIG. 5. unplugged mutant embryos exhibit multiple secondary
mutant (B–D, F) embryos stained with zn-5 antibody at 45 (A–D) o
in A–F) and axons of secondary but not primary motor neurons. The
line) and the horizontal myoseptum (white line). (A) In wild-type em
a medial nerve extends rostrally along the horizontal myoseptum
arrow in E). Note that the medial nerve defasciculates from the ve
turns rostrally and projects along the horizontal myoseptum (red ar
or projected into the ventral myotome, but form an aberrant bra
hemisegments the medial nerve invaded the ventral myotome (red a
motor axons exit the spinal cord as two independent trajectories (bl
hpf, zn-5 stains the dorsal nerves of secondary motor axons (wh
indistinguishable from those in wild-type embryos.sis of secondary motor axons reveals that the unplugged
© 2001 Elsevier Science. Agene, similar to its role for primary motor axons, is essential
for secondary motor axons to navigate a common choice
point. Moreover, our analysis indicates a role for the un-
plugged gene in guiding secondary motor axons through a
r axon defects. Lateral views of wild-type (A, E) and unplugged
hpf (E, F). The zn-5 antibody recognizes cell bodies (white asterisk
mon path is found between the lower end of the spinal cord (black
s, a ventral nerve extends into the ventral myotome (black arrow),
rrow), and a dorsal nerve projects into the dorsal myotome (white
root before reaching the choice point (black arrowhead), and then
in A). Ventral nerves stalled at the choice point (black arrow in B)
(green arrow) at the choice point (C). In a significant fraction of
in C). (D) In 3–6% of unplugged somitic hemisegments, secondary
rrows; somite boundaries are indicated by dashed lines). (E) At ;60
rrows). (F) In unplugged mutant embryos, dorsal nerves appearmoto
r 60
com
bryo
(red a
ntral
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ite asingle segmental root.
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567unplugged in Motor Axon Guidance and Jaw DevelopmentFIG. 6. Pharyngeal arch defects in unplugged larvae. (A) Schematic drawing of pharyngeal arch cartilages. The components of the
mandibular arch are labeled in red, the hyoid arch in yellow and the five branchial arches in blue. Note that not all cartilage components
are indicated, and that only the distal portions of the branchial arches are outlined. The contact point (green asterisk) between the
ceratohyals (ch) and the basihyal (bh) is located anterior to the lens (black arrow). (B, C) Five-dpf wild-type and unplugged mutant larvae
stained with Alcian blue. (B) In wild-type larvae, the contact point between the basihyal (outlined by a black dashed line) and the
ceratohyals (white asterisk) is located anterior to the lens (black arrow). Note that Meckel’s cartilages are situated further dorsally than the
six posterior arches, and therefore appear slightly out of focus. (C) In unplugged mutants, Meckel’s cartilages (mc) are displaced ventrally
to the same dorso-ventral position as the posterior arches, and now appear in the same focal plane. Also, the basihyal and the anterior end
of the ceratohyals are shifted more posteriorly. As a result, the basihyal now contacts the ceratohyals at the level of the lens (dashed line).
(D) Schematic representation of pharyngeal muscles. Note that the contact point (green asterisk) between the interhyal (ih) muscle and the
intermandibularis posterior (imp) muscle is located anterior to the lens (black arrow). (E, F) Five-dfp wild-type and unplugged mutant larvae
stained with the MF-20 antibody for pharyngeal muscles. Note that in wild-type larvae, the interhyal (ih) muscle contacts the
intermandibularis posterior (imp) muscle at a level anterior the lens (black arrow). In unplugged mutant larvae, the interhyal (ih) muscle
contacts the intermandibularis posterior (imp) muscle at a more posterior position, at level of the lens (black arrow in F). Abbreviations:
bb, basibranchials; bh, basihyal; cb1-5, ceratobranchial 1-5; ch, ceratohyal; hh, hyohyal; ih, interhyal; ima, intermandibularis anterior; imp,
intermandibularis posterior; mc, Meckel’s cartilage; pq, palatoquadrate; sh, sternohyoideus.
© 2001 Elsevier Science. All rights reserved.
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Defects
At 5 dpf, unptbr307/p4 mutant larvae appear largely normal
and have an inflated swim bladder. However, we noticed
that ;70% of the mutant larvae kept their mouth slightly
open, suggestive of a pharyngeal arch defect. Analysis of
several unplugged alleles (unptbr307, unpte314b, unptbb72) and
allelic combinations (unptbr307/p4 and unpte314b/tbb72) revealed
the same pharyngeal arch phenotype, demonstrating that
this defect is specifically associated with mutations in the
unplugged gene. In wild-type larvae, each of the seven
pharyngeal arches is composed of distinct dorsal and ventral
sets of cartilage and muscles, as well as branchiomotor
nerves innervating the muscles (Figs. 6A and 6D; Chan-
drasekhar et al., 1997; Schilling and Kimmel, 1997). Be-
tween 2 and 5 dpf, the mouth moves anteriorly and the
patterned pharyngeal arches extend in a ventral–anterior
direction (Schilling and Kimmel, 1997). To determine the
role of the unplugged gene during pharyngeal development,
we examined pharyngeal cartilage using Alcian blue stain-
ing, pharyngeal muscles using MF20 antibody staining, and
branchiomotor nerves using an anti-acetylated tubulin an-
tibody (Fig. 6, and data not shown).
Analysis of branchiomotor trajectories labeled with anti-
acetylated tubulin antibody (Chandrasekhar et al., 1997) or
labeled with GFP expressed under the control of the islet-1
promoter/enhancer (Higashijima et al., 2000), revealed no
differences between unplugged mutant and wild-type larvae
(data not shown). Analysis of pharyngeal cartilages and
muscles revealed that in mutant larvae all cartilage compo-
nents and muscles were present, and possessed wild-type-
like tissue organization and morphology (Figs. 6C and 6F).
However, cartilage and muscle elements of the first two
arches, the mandibular and hyoid, were shifted in position.
In wild-type larvae, Meckel’s cartilages are situated further
TABLE 2
Secondary Motor Axon Defects in unplugged Mutants
Genotype na
Total of
aberrant axons (%)b phen
unp1/1, unptbr307/1 200 1.0
unptbr307/tbr307 240 15.8
unp1/1, unptbr307/1, p4/1 200 1.0
unptbr307/p4 260 16.9
Note. zn-5 antibody staining on embryos at 45–48 hpf.
a Axon trajectories were scored between hemisegment 6 and 15
b Total of aberrant axons is the addition of stall phenotype, bran
c Caudal ventral projections appear to stall at the choice point, i
d Branching occurs at the choice point, whereby one trajectory ex
at the region of choice point. Both trajectories appear to come from
e Secondary motor axons exit the spinal cord as two fasciculated a
embryos and 10 different unptbr307/p4 embryos, respectively.
f Medial nerve appears to extend further into the ventral somitedorsally than the six posterior arches, and therefore appear
© 2001 Elsevier Science. Aslightly out of focus when view from below (Fig. 6B). In
mutant larvae, Meckel’s cartilages were displaced ventrally,
and now appear in focus with the posterior arches (Fig. 6C).
In addition, the two ventral components of the hyoid arch,
the basihyal and the anterior end of both ceratohyals, were
shifted to a more posterior position. As a result, the basi-
hyal now contacts the ceratohyals at the level of the lens
(compare Fig. 6B to Fig. 6C). Similarly, the intermandibu-
laris anterior muscle, which spans between the two Meck-
el’s cartilages, was located more ventrally than the other
pharyngeal arch muscles. Moreover, the point where the
intermandibularis posterior muscle contacts the interhyal
muscle, just ventral of where the basihyal meets the cera-
tohyals, was shifted posteriorly to the level of the lens
(compare Fig. 6E to Fig. 6F). Interestingly, the position at
which the basihyal contacts the ceratohyals in 5-dpf un-
plugged mutants resembles the situation in 4-dpf wild-type
larvae (Fig. 11 in Schilling and Kimmel, 1997), suggesting
that, in unplugged mutant larvae, ventral cartilage ele-
ments of the hyoid arch failed to elongate properly.
We considered the possibility that, in unplugged mu-
tants, pharyngeal arch development is simply delayed, and
therefore raised homozygous unplugged mutants to 17
weeks of age. We noted that all mutant fish had developed
a protrusion on the lower jaw (compare Fig. 7A to Fig. 7B).
Analysis of skeletal preparations revealed that this protru-
sion was caused by aberrant positions of the basihyal and its
connection point with the ceratohyals (Figs. 7C and 7E). In
unplugged mutants, all bone and cartilage components of
the pharyngeal arches were present (Figs. 7D and 7F). The
position of the mandibular arch appeared normal; however,
the basihyal and the point where the basihyal contacts the
ceratohyals were located more posteriorly, when compared
to wild-type fish (compare Fig. 7E to Fig. 7F). Together, our
l
e (%)c
Branching
phenotype (%)d
Double-exit
phenotype (%)e
Medial nerve
defect (%)f
0.5 0.5 0
2.9 3.8 6.2
1.0 0 0
5.0 6.1 5.8
oth sides of the embryos.
g phenotype, multiple exit, and rostral branch defect.
d of extending into the ventral somite.
s into the ventral somite and a second trajectory extends caudally
tral projections.
undles. Double exit defects were present in 5 different unptbr307/tbr307
ead of projecting rostrally along the choice point.Stal
otyp
0
2.9
0
0
on b
chin
nstea
tend
ven
xon bdata show that the hyoid phenotype is not caused by a
ll rights reserved.
569unplugged in Motor Axon Guidance and Jaw DevelopmentFIG. 7. Pharyngeal arch defects in unplugged mutant adult fish. Lateral views of 17-week-old wild-type (A) and unplugged mutant (B) fish.
In unplugged mutant fish (B), a ventral protrusion is visible from the lower jaw (black arrows in B). Skeletal preparations of the same
wild-type (C, E) and unplugged mutant (D, F) adult fish. Lateral (C, D) and ventral (E, F) views of wild-type (C, E) and unplugged fish stained
for chondrocytes (blue) and calcified bones (red). (C) In wild-type fish, the basihyal (bh; black arrow) and its connection point (cp; red arrow)
with the ceratohyals (ch) are not distinguishable in a lateral view, and only their approximate locations are indicated. (D) In unplugged
mutant fish, the basihyal (black arrow) and its connection point with the ceratohyals (red arrow) are located more ventrally and posteriorly.
(E) Ventral view of the same wild-type preparation shown in C. (F) Ventral view of the same unplugged preparation shown in D. Note the
increased distance between Meckel’s cartilages (mc) and the anterior tip of the basihyal (bh, black arrow), compared to wild-type fish (E).
cp, connection point between the ceratohyals and the basihyal; bh, basihyal; ch, ceratohyal; mc, Meckel’s cartilages.
© 2001 Elsevier Science. All rights reserved.
570 Zhang et al.developmental delay, but rather suggests a specific role for
the unplugged gene in hyoid arch elongation.
DISCUSSION
We previously reported that the unplugged gene controls
the divergent pathway choice of CaP and RoP motor growth
cones. Here, we demonstrate that this trajectory choice is
not controlled by a single unplugged mediated process, but
likely depends on the coordinated function of multiple
cues. We also show that, despite their differences in many
developmental processes, primary and secondary motor
neurons share an unplugged-dependent mechanism con-
trolling axonal path selection. Moreover, we demonstrate
that the unplugged gene is critical for secondary motor
axons to exit through a single ventral root. Finally, we
demonstrate that unplugged mutants display defects in
hyoid arch elongation, suggesting a dual function for the
unplugged gene in axonal guidance and cell motility.
Pathway Choice of CaP and RoP Neurons Depends
on Multiple Cues
At the distal end of the common path, CaP and RoP
growth cones are confronted with a divergent pathway
choice. While CaP growth cones project into the ventral
myotome, RoP growth cones pause at the choice point for
several hours before extending along the lateral myotome.
We have previously shown that unplugged activity is pro-
vided by adaxial cells located adjacent to the choice point,
and that unplugged functions in a contact-independent
manner to elicit this differential pathway choice (Zhang
and Granato, 2000). In unplugged mutant embryos, this
stereotyped pathway choice process is severely compro-
mised. Among the seven mutant unplugged alleles, the
unptbr307 allele appears to be the strongest. However, even in
mutants for this allele, a significant fraction of CaP and RoP
growth cones select their appropriate trajectories (Table 1;
Zhang and Granato, 2000). To determine whether this is a
result of residual unplugged activity present in unptbr307
mutants, or if other, yet unknown cues compensate for the
absence of unplugged gene activity, we generated an un-
plugged allele, p4, in which the entire unplugged locus is
deleted. Comparison between the ENU induced unptbr307
allele and the g-ray-induced p4 allele revealed that unptbr307
is as an amorphic allele, and that, in the complete absence
of unplugged gene activity, CaP and RoP growth cones are
still able to make appropriate pathway decisions. This
suggests the presence of additional cues essential to guide
CaP and RoP pathway choices.
Our findings are consistent with other studies, in which
a single guidance decision is controlled by multiple cues
(e.g., Harris et al., 1996; Mitchell et al., 1996). Such a
mechanism might ensure the high fidelity required to
establish precise and stereotyped neural connections. For
example, Drosophila segmental nerve b (SNb) motor axons
© 2001 Elsevier Science. Anormally branch of the common motor path to extend into
the ventral muscle region (Halpern et al., 1991; Sink and
Whitington, 1991). This decision is controlled by several
receptor tyrosine phosphatases, including dptp69D and
dptp99A (Desai et al., 1996). In dptp69D null mutants, 20%
of the SNb axons exhibit stall, detour, or bypass pheno-
types, while in dptp99A null mutants only 3% of the SNb
axons display error (Desai et al., 1996). In dptp69D;
dptp99A double null mutants, SNb axons make similar
guidance errors; the penetrance of these defects, however, is
strongly increased (89%, Desai et al., 1996). This suggests
that dptp69D and dptp99A function synergistically to con-
trol the ability of SNb motor axons to navigate specific
choice points. Similarly, the unplugged gene may cooperate
with other somite derived cues to elicit differential guid-
ance decisions.
An unplugged-Dependent Mechanism Controls the
Trajectory Choice of Primary and Secondary Motor
Neurons
Primary and secondary motor neurons share common
axonal trajectories, yet differ in many respects. Most no-
ticeable, primary motor neurons are fewer in numbers and
undergo their final mitosis around the end of gastrulation,
while secondary motor neurons are more numerous and
arise later during segmentation (Kimmel et al., 1994; Myers
et al., 1986; Westerfield et al., 1986). Only secondary
motoneurons express the DM-GRASP, which has recently
been implicated in guidance of secondary motor axons (Ott
et al., 2001). Moreover, mutant analysis suggests differ-
ences in survival (Grunwald et al., 1988) and specification
(Beattie et al., 1997). For example, hedgehog signals ema-
nating from the floor plate or notochord are essential for the
specification of secondary motor neurons, while they are
dispensable for primary motor neurons (Beattie et al., 1997).
Together, these findings have suggested that secondary
motor neurons are most similar to those in birds and
mammals (Beattie et al., 1997), and that primary and
secondary motor neurons represent two classes of motor
neurons that subserve unique functions in the animal
(Kimmel and Westerfield, 1991).
To determine whether trajectory choice of primary and
secondary motor neurons is influenced by a common,
unplugged-dependent mechanism, we examined secondary
motor trajectories in unplugged mutants. Using the second-
ary motor neuron-specific zn-5 antibody, this analysis re-
vealed striking pathfinding defects. First, in a small fraction
of unplugged hemisegments, we observed two distinct
ventral roots. This observation is significant since this
defect is never observed in wild-type embryos. Aberrant
trajectories did not appear to be caused by motor axons
defasiculating from the main root and invading somitic
compartments normally avoided by motor growth cones.
Instead, these trajectories emerged from the cord as a
distinct second nerve. This “double exit” phenotype was
not observed for primary motor neurons, revealing a role for
ll rights reserved.
571unplugged in Motor Axon Guidance and Jaw Developmentthe unplugged gene in controlling the formation of a single
exit point through which secondary motor axons emerge
from the cord.
Second, two of the three subpopulations of secondary
motor neurons displayed pathfinding defects at the choice
point. Similar to our observations of MiP axons, the dorsal
trajectory choice (MiP-like) of secondary motor axons was
unaffected, providing further evidence that this decision is
controlled by a separate, yet unknown signaling mecha-
nism. In contrast, primary and secondary motor axons
display identical defects in the choice of the ventral (CaP-
like) and medial (RoP) trajectories (Figs. 5C and 5D; Zhang
and Granato, 2000); however, the penetrance differed sig-
nificantly. In unplugged unptbr307/p4 mutants, pathway se-
lection defects of primary motor neurons are evident in
;80% of the hemisegments, compared to ;6% for second-
ary motor neurons (Tables 1 and 2).
The similarity of the pathfinding errors made by primary
and secondary motor neurons raises the possibility that the
unplugged gene does not directly control trajectory choice
of secondary motor axons, but that they simply follow an
aberrant path pioneered by misguided primary motor axons.
Although ablation experiments have demonstrated that, in
the absence of primary motor neurons, secondary motor
axons make correct decisions at the choice point (Pike et
al., 1992), we cannot exclude the possibility that misguided
primary motor axons can influence the path of secondary
motor axons. Alternatively, the unplugged gene directly
controls pathfinding of both primary and secondary motor
neurons. This is consistent with recent studies of stumpy, a
gene required for both classes of motor neurons to progress
their axons from proximal to distal intermediate targets
(Beattie et al., 2000). Similarly, the diwanka gene enables
both primary and secondary motor axons to enter and
complete migration on the common path (Zeller and
Granato, 1999; M.G., unpublished observations). In sum-
mary, we propose that the unplugged gene plays a role in
ventral and lateral trajectory selection for both primary and
secondary motor neurons.
The Role of unplugged Gene in Pharyngeal Arch
Development
We found that 5-dpf unplugged larvae display mandibular
and hyoid arch defects, suggesting an unexpected role for
the unplugged gene in pharyngeal arch development. Anal-
ysis of head neural crest specification and patterning
through whole-mount in situ hybridization using dlx-2
(20-somite stage; Akimenko et al., 1994) and Tn-C (20-
somite stage and 32 hpf; Tongiorgi et al., 1995) revealed no
difference between mutant and wild-type embryos (data not
shown), suggesting that these earlier events are not appar-
ently affected in unplugged mutant embryos. After a period
of extensive cell migration, specification, and differentia-
tion during the first day of development, pharyngeal arch
development is characterized by a period of morphogenesis
and a period of growth (Kimmel et al., 1998). During the
© 2001 Elsevier Science. Agrowth period, regulated cell divisions contribute to jaw
elongation, while local cell arrangement appear less impor-
tant (Kimmel et al., 1998). During the morphogenesis
period, cell rearrangements, such as cell intercalations,
appear to be the driving forces in shaping and elongating the
jaw (Kimmel et al., 1998). In mutant larvae, Meckel’s
cartilages and the intermandibularis anterior muscle of the
mandibular arch are displaced ventrally, while ventral car-
tilage components and muscles of the hyoid arch are shifted
to a more posterior position (Fig. 6). Interestingly, this
pharyngeal arch defect is first detectable around 4 dpf, and
overlaps with the transition between the morphogenetic
period and the growth period. The hyoid arch defect per-
sisted into adult stages, providing compelling evidence that
the phenotype is not simply caused by a developmental
delay. Moreover, the length of individual cartilage elements
and muscles is comparable to those in wild-type larvae,
suggesting that cell division-dependent growth is not obvi-
ously affected (Fig. 6, and data not shown).
The pharyngeal phenotype observed in unplugged mu-
tants is subtle when compared to those observed in the
large group of craniofacial mutants isolated in the large
scale screens (Piotrowski et al., 1996; Schilling et al., 1996).
Some of these mutants have been shown to be defective in
different aspects of neural crest patterning (reviewed in
Kimmel et al., 2001 and references therein). We cannot
exclude the possibility that the unplugged gene plays a role
in the specification, patterning, or cell division of the cell
populations contributing to the mandibular and hyoid
arches. However, given the function of unplugged in axonal
guidance, we favor the idea that during the phase of pha-
ryngeal morphogenesis the unplugged plays a role in con-
trolling cellular behaviors. Such a role in controlling cellu-
lar behaviors is consistent, and perhaps expected for a
molecule involved in axon guidance. Analysis of several
axon guidance molecules has shown that they also control
cell migration, suggesting a commonality in the molecular
principles governing these two processes (reviewed by Brose
and Tessier-Lavigne, 2000; O’Leary and Wilkinson, 1999).
For example, in Caenorhabditis elegans, unc-6(netrin) con-
trols the circumferential migration of both pioneer axons
and mesodermal cells (Hedgecock et al., 1990). Likewise, in
mouse embryos, netrin-1 guides commissural growth cones
and basilar pontine neurons toward the ventral midline
(Serafini et al., 1996; Yee et al., 1999). Similarly, members
of the ephrin-B family mediate motor axon outgrowth and
trunk neural crest cell migration (Wang and Anderson,
1997). Thus, it is conceivable that the unplugged gene
mediates motor pathway decisions and the rearrangement
of pharyngeal cells, required for the hyoid arch to elongate.
The Molecular Nature of the unplugged Gene
Our data show that the unplugged gene acts as a somite-
derived signal to elicit differential guidance decisions in
motor growth cones (Fig. 5; Zhang and Granato, 2000). In
addition, the unplugged gene is needed for motor axons to
ll rights reserved.
572 Zhang et al.exit the cord through a single segmental nerve, and plays a
role in pharyngeal development. To clone the unplugged
gene, we first explored two commonly used approaches. In
the zebrafish, most mutant genes cloned have been identi-
fied by a candidate gene approach or by a comparative
synteny cloning approach (Talbot and Hopkins, 2000). As a
first step, we mapped the unplugged locus to a small genetic
interval at the centromere of LG 10 (Fig. 2). Mapping of
unplugged to LG 10 excludes the candidacy of several
secreted molecules implicated in axon guidance, such as
vegf (J.Z. and M.G., unpublished observations), semaZ8,
and netrin, as they map to different chromosomal locations
(see merged maps at http://zfin.org/). In the absence of good
candidate genes, i.e., genes with some properties expected
to be disrupted in the mutant, we turned to the comparative
synteny cloning approach. A search for conserved chromo-
somal elements (i.e., genes) between zebrafish LG 10 and
human/mouse chromosomes did not reveal any significant
gene linkage (synteny) around the unplugged locus. We
have now embarked on a positional cloning approach to
identify the unplugged locus, and based on the axonal
phenotypes and its chromosomal position it is conceivable
that the unplugged gene encodes a novel protein mediating
both motor axon guidance and cell motility.
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